With purified initiation-free polysomes of E. coli, whether endogenous or formed in vitro on phage R17 RNA, streptomycin causes partial inhibition of chain elongation. The degree of inhibition is constant over a broad range of streptomycin concentration and decreases markedly with increasing Mg + + concentration. Hence, streptomycin evidently complexes readily with polysomal ribosomes, causing a partial block in chain elongation.
With lysates of Escherichia coli, streptomycin (Str) almost completely inhibits the initiation-dependent translation of added viral (1) (2) (3) (4) or bacterial (4) RNA but only partly inhibits amino-acid incorporation on endogenous messenger RNA (2) (3) (4) . It thus appears, as Luzzatto et al. (4) concluded, that ribosomes are more susceptible to Str during initiation than when already engaged in chain elongation. However, the significance of the partial inhibition of endogenous synthesis is not certain, for though reinitiation on old mRNA is quite limited in E. coli lysates, it is still responsible for a substantial fraction of the total synthesis (5, 6) . Hence, the partial inhibition of such preparations might reflect either the action of Str on preformed polysomes or its complete inhibition of the initiation-dependent fraction of the total synthesis.
An opportunity to settle this question was provided by the isolation of purified E. coli polysome preparations that carry out extensive chain elongation but no significant reinitiation or nonspecific incorporation (6) . As this paper will show, Str does inhibit chain elongation with such polysomes, whether on endogenous E. coli messenger or on phage R17 RNA, but even with excess Str the inhibition is only 60-70% at low Mg++ concentrations and is virtually absent at high Mg++ concentrations. It therefore appears that Str reacts with sensitive ribosomes in two different ways: on encountering a polysomal ribosome it inhibits but does not completely stop chain elongation, while at some stage between runoff and initiation it exerts a more drastic effect, completely (and irreversibly) blocking protein synthesis. The latter effect evidently also involves chain elongation subsequent to reinitiation rather than a block in initiation itself,. since Str permits formation of unstable initiation complexes in vitro (7, 8) ; in Str-treated cells these complexes are found in aberrant polysomes, which are constantly renewed by cyclic, abortive reinitiation by the released Str-ribosomes (9) .
These results emphasize the importance of analyzing the action of ribosomal antibiotics not only in terms of the ribosomal functions affected but also in terms of the interactions occurring at different stages in the ribosome cycle.
MATERIALS AND METHODS
Polysomes were prepared by gel filtration on Sepharose 4B, as described (6), both from a lysate of E. coli strain MRE600 and from ribosomes of E. coli K12 programmed in vitro with phage R17 RNA. All the polysomes used were "IF-free," i.e., the addition of viral RNA after runoff yielded less than 10% as much incorporation as was observed with further addition of the optimal concentration of crude IF (6) . The preparation of S30 extract, supernatant factors, crude IF, NH4Cl-washed (and heat-activated) ribosomes, and phage R17 RNA, as well as the assay for peptide synthesis and the zonal analysis for ribosomal particles, were as described (6) .
[14C]Valine and a mixture of radioactive amino acids were obtained from New England Nuclear Corp., and streptomycin sulfate from E.R. Squibb. Kasugamycin was a gift of Bristol Laboratories.
RESULTS
Inhibition of Endogenous Polysomes by Str. The purified endogenous polysomes of E. coli used in this study, like those described (6) (Fig. 1) . The inhibition was not increased by first incubating the polysomes with 20 ,g/ml of Str (= 34 MM) in buffer for 10 min at 420, or by increasing the concentration of Str from 0.5 to 150 ,M (Fig. 2, endogenous polysomes) . As was previously noted with a crude endogenous system (4), Mg++ strikingly antagonized the inhibition (Fig. 1, inset) .
These results, obtained with a mixture in which a single (Table 1) . The antagonism by elevated Mg++ concentration could not be overcome by an increase in the Str concentration (data not shown). [The very broad Mg++ optimum exhibited by these polysomes without Str (Table 1) indicates, as noted previously (6) , that elevated Mg++ concentration inhibits initiation much more readily than it does chain elongation.] Inhibition of Ribosomes Initiating or Already Initiated on Phage RNA. In contrast to the endogenous polysomes, which showed partial inhibition, ribosomes initiating on viral RNA were completely inhibited by Str (Fig. 2 , ribosomes + phage RNA), as observed (1, 3, 4) . As with the partial inhibition of endogenous polysomes, a low Str concentration (0.5 pM = 0.3 ug/ml) exerted maximal effect. Fig. 3 ), the dependence on Mg ++ concentration (Fig. 3, inset) , and the effect of varying Str concentration (Fig. 2) (20 ,ug/ml) was added to one portion (200 ul) and kasugamycin (Ksg) (200 uM) to another. 20-Ml samples were removed at the times indicated and analyzed for incorporated radioactivity. system but only partial inhibition of purified, already initiated polysomes.
Inhibition of an S30 Extract Programmed with Viral RNA. These results suggested that Str acts differently on complexed and on free (or initiating) ribosomes. However, an alternative possibility is suggested by the properties of certain incomplete ribosomes assembled in vitro: those lacking protein S12 (P10) have lost the ability to initiate physiologically, but they can carry out chain elongation and are Str-resistant (13) . If, in purification, some of the ribosomes on polysomes were similarly damaged and if these ribosomes could not reinitiate, the resulting selection of the undamaged, fully sensitive ribosomes by the initiating system could account for its greater sensitivity to Str.
To test this possibility, an S30 extract (preincubated to convert its complexed ribosomes to free ribosomes) was incubated with phage R17 RNA and a mixture of radioactive amino acids. After 6 min when the preparation was engaged in steady-state synthesis, addition of Str caused immediate, but only partial, inhibition (Fig. 4) , as observed with a single labeled amino acid (2, 4). The residual incorporation presumably represents elongation of already started chains.
To compare this residual chain elongation with that which would have occurred without Str, a parallel sample was treated with kasugamycin, which inhibits initiation (14, 15) but not chain elongation (15) . Relative to such noninitiating unpurified polysomes, Str decreased the rate and extent of residual chain elongation (Fig. 4) to about the same degree (about 60%) described above for purified polysomes.
DISCUSSION
As was noted in the introductory paragraphs, Str completely blocks protein synthesis by ribosomes of E. coli initiating onto added RNA in its presence but only partly inhibits endogenous synthesis by crude lysates. It has not been certain, however, to what extent polysomes, reinitiating ribosomes, and nonspecific incorporation might contribute to the latter response. The present study has approached this problem by the use of polysome preparations that engage only in chain elongation. The results show that Str does cause partial inhibition of already initiated polysomes, whether endogenous (Fig. 1) or prepared in vitro on viral RNA (Fig. 3) . Moreover, the residual synthesis appears to reflect a limited response of polysomal ribosomes to bound Str, rather than a low affinity for Str, since the inhibition remains incomplete even at very high Str concentrations (Fig. 2 ).
An alternative possibility would be that some of the ribosomes were damaged during purification, and that these could continue chain elongation but had lost (like certain incomplete ribosomes, ref. 12) their responsiveness to Str. However unpurified polysomes formed on viral RNA in a crude S30 extract showed the same degree of inhibition of chain elongation by Str (Fig. 4) as purified polysomes. Moreover, the presence of a fraction of damaged ribosomes would not account for the finding that the degree of inhibition of polysomes by excess Str varies markedly with Mg++ concentration ( Figs. 1 and 3) ; indeed, at an elevated Mg++ concentration that hardly impairs chain elongation (12 mM) Str is virtually without effect (Table 1 ; see also ref. 4 ). This finding indicates that the degree of inhibition of polysomal ribo'somes by Str depends on other influences on their conformation.
The present model can account for the curious earlier finding that Str inhibited translation of viral RNA almost completely at 340 but only partially at 140 (1). We now know (6) that at 14°chain elongation persists but reinitiation is blocked, while at 340 the high background of Str-sensitive reinitiation would obscure the residual chain elongation. These results emphasize the usefulness of noninitiating polysome preparations in distinguishing effects on chain elongation from effects on other parts of the ribosome cycle.
Though Str has a specific effect on initiating ribosomes it does not interfere with the process of initiation itself, for a step-by-step analysis has shown no effect on any stage in this process; rather, the resulting initiation complex is unstable and releases fMet-tRNA, with a half-life of about 5 min at 340 (7, 8) . Moreover, the effect of Str on initiating systems shows that the initiation complexes formed in its presence do not engage in appreciable protein synthesis. It thus appears that the effect of Str on preformed polysomes and on initiating systems both involve interference with chain elongation, but differ in degree: the block is incomplete when Str interacts with a ribosome complexed with peptidyl-tRNA and mRNA, and it becomes complete when Str interacts with the ribosome in some conformation that is prevented by these ligands. It is not yet known whether this more drastic interaction occurs during ribosome release, or with free ribosomes or their subunits, or during initiation.
In the preparations studied, Str not only slowed protein synthesis by the preformed polysomes but also decreased the total synthesis to a similar extent-i.e., the time course of the residual synthesis in its presence was the same as that of the normal synthesis in its absence (Fig. 1) . Moreover, by 10 min, when protein synthesis had ceased, the polysomes had virtually disappeared in the preparations with Str (unpublished observations), just as in those without it (6) , and the polypeptides produced in the treated preparations were somewhat smaller (unpublished (23) or on fidelity of translation in vitro.
